Small-sized plastic debris are an increasing global concern, particularly in environmental protected areas. Consequently, tourismbased economy of poor coastal regions is also impaired. Nevertheless, little interest has been shown about recycling approaches of such materials, mostly because of the natural degradation of polymers on these conditions. This research presents the report of the occurrence of plastic debris nearby Lençóis Maranhenses National Park, on the northeast Brazilian coast, aiming to provide a feasible method for recycling. We collected more than 80 samples from the sediment and classified them via FT-IR. Degraded polypropylene samples were selected for blending with virgin material using different concentration rates, and were mechanically tested. Tensile testing results suggest that 5% recycled material concentration mixture has suitable mechanical properties on the elastic regime for applications on new parts. Our findings show that particular interest should be addressed on the recovery of commodity plastic debris from environmental protected areas.
Introduction
The ubiquitous presence of polymers and its extensive use in multiple industries lead to an increasing concern about their disposal and recovery (Azapagic et al. 2003 ; Thompson et al. 2009; Eyerer 2010) . While less than 30% of generated plastic waste is recycled in Europe (PlasticsEurope 2016) and no more than 10% in the USA (US Environmental Protection Agency 2016), the recycling rates tend to be even lower in developing countries with incipient waste management systems, such as Brazil (Colling et al. 2016; Palombini et al. 2017) .
Environmental contamination of small-sized polymer waste is an emerging global concern and can be considered a key topic for sustainability research, particularly in marine ecosystems (Thompson et al. 2009; Andrady 2011; Koelmans et al. 2014; Law and Thompson 2014) . Despite direct harm to several species, such as seabirds, fishes, turtles, and whales (Tanaka et al. 2013; Crawford and Quinn 2017a; Andrady 2017) , small plastic debris also impacts on several stakeholders, such as the shipping, fishing, and tourism industry (Sheavly and Register 2007; Jang et al. 2014; Laglbauer et al. 2014; Avio et al. 2017) . For instance, places of key importance in ecosystems' preservation, such as national parks, are created as areas of environmental protection besides having a significant contribution to the local economy (Begon et al. 2006; Medeiros and Young 2011) . Therefore, polymer debris in marine ecosystems can be considered a holistic and sustainability issue due to its effect on economic (Derraik 2002) , social (Browne 2015) , and environmental (Cole et al. 2011) spheres.
Macro-, meso-, and micro-plastics are terms related to small fragments of plastic waste that enter in marine environments and are categorized according to their size and origin (Gregory and Andrady 2004; Cole et al. 2011; Andrady 2017) . A broad range of particle size classifications for plastic debris is found in the literature, thus making it difficult to compare different studies (Van Cauwenberghe et al. 2015; Andrady 2017) . For instance, Gregory and Andrady (2004) used the definition of macro-, meso-, and, micro-litter for fragments of up to 10-15 cm, in the range 5-10 mm, and < 500 μm, respectively. More recently, the European MSFD technical subgroup on Marine Litter (MSFD GES Technical Subgroup on Marine Litter 2013) proposed a unified, sizebased nomenclature of macro-(> 2.5 cm), meso-(0.5-2.5 cm), and micro-plastic (1 μm-5 mm). Still, microplastic remained almost a common term in the literature (Andrady 2017) . As for its origin, polymeric debris can be divided into primary and secondary nature. Primary microplastics are manufactured in different sizes for several direct applications, from exfoliant in personal care products to virgin pellets in the molding of plastic products (da Costa et al. 2017; Andrady 2017) . Secondary microplastics are the majority source of microplastics and correspond to small fragments which result from the breakdown of larger plastic parts (Cole et al. 2011; Avio et al. 2017) .
Despite the major impact of plastics debris in marine environments, its recycling remains a little-explored issue (Pietrelli et al. 2017) , mostly due to difficulties in collecting, separating, and characterizing samples for further recovery (Eerkes-Medrano et al. 2015; Andrady 2017; Sharma and Chatterjee 2017) . Therefore, recent studies have also been investigating this issue with aims to standardize methods for macro-and micro-plastics extraction in locations such as sediment (Van Cauwenberghe et al. 2015; Besley et al. 2017 ) and fresh and seawater (Eerkes-Medrano et al. 2015; Horton et al. 2017) , as well as characterizing and analyzing their distribution (Graca et al. 2017; Mai et al. 2018) . In addition, the characteristics of polymeric chemical bonds that confer plastics their interesting manufacturing properties also make them susceptible to degradation, consequently losing their mechanical properties (Crawford and Quinn 2017b) . For instance, among the commodity polymers that are frequently found as debris in marine environments is polypropylene (PP) (Avio et al. 2017) , which is liable to chain degradation from exposure to UV light (Niaounakis 2017a) , as well as oxidation at high temperatures and abrasion from rocks and sand (Crawford and Quinn 2017b) . Despite those abiotic factors, biotic circumstances also contribute to PP degradation, such as specific microorganisms (Cacciari et al. 1993; Janda 2015) and fungi (Muenmee et al. 2015) .
The main objective of this research is to disclose the occurrence of small-sized plastic debris found in a fishing village nearby Lençóis Maranhenses National Park (LMNP), in northeast Brazil-a tourist seashore environment with significant importance to the local economy.
Likewise, this paper follows a qualitative approach to characterize the plastic samples, in ways to propose their recovery by recycling. Due to the lack of literature data on the present issue, we present a preliminary profile of polymeric residues most commonly found in that coast area, through the characterization of the types of sediment polymer resins, via infrared spectroscopy. Afterward, we proposed the recycling of PP samples, which were selected due to its typical greater likelihood to degrade under marine ecosystem conditions. Samples with different concentration rates of recycled PP were then blended and mechanically analyzed with tensile testing in order to compare their mechanical properties with those of virgin PP. Finally, the mechanical tests results were discussed and compared with the literature, with aims to provide a reference for the recovery of small-sized polymer waste.
Materials and methods
We performed the characterization and analyzed the recovery possibilities of small polymer debris found on the sediment of a fishing village beach, nearby LMNP (MA, Northeast Brazil), by means of recycling and mechanical testing. The analysis aimed a qualitative characterization of types of polymer resins most commonly found, as well as the performance of recycling and mechanical testing procedures.
Materials
Eighty-eight samples were collected randomly on the surface of the sediment and analyzed according to their size and weight. Collection was carried out manually and no sand sieving was used. The process intended to present an overview of the types of resins commonly found in the area, instead of assessing the relative amount of debris in the sediment. Therefore, no statistical analysis of surface and relative volume of material per quantity of sand was performed.
Resin types of samples were identified via infrared spectroscopy. Polypropylene (PP) samples were selected for a recycling procedure due to the resin's naturally greater oxidation from marine-related conditions, such as UV radiation, which can affect its properties (Gijsman et al. 1999; Azapagic et al. 2003; Andrady 2011 Andrady , 2017 , despite its recent increasing demand (Crawford and Quinn 2017b) . After identification, the collected PP samples were blended with H 503, an additivated PP homopolymer used for general purposes, with a melt flow rate of 3.5 g/10 min (Braskem® S/A, Triunfo, RS, Brazil), in different concentrations for mechanical tests.
Procedures

Fourier transform infrared spectroscopy
Collected samples were analyzed via Fourier transform infrared spectroscopy (FT-IR), for the identification of constituent polymer resins. Spectrum 100 (PerkinElmer®, Waltham, MA, USA) equipment was used in the FT-IR analyses by attenuated total reflectance mode (ART FT-IR), with a resolution of 4 cm −1 under 16 scans in the region between 4000 and 600 cm −1 , in combination with a polymer library.
Recycling, mixturing, and injection molding
Polypropylene samples were used for recycling and mechanical analysis based on its high natural degradation in marine environments, such as with heat and sunlight (Crawford and Quinn 2017b) . In order to propose a simplified, feasible way of mechanically recovering plastic debris, a manual grinding was used in the recycling process. Therefore, the polypropylene samples were ground into approximately 2-3-mm-diameter particles, compatible in size to the virgin PP pellets of H 503. Still, several collected PP samples already presented a relatively small size for the purpose, on a millimeter scale.
Electronic analytical balance AUW-220D (Shimadzu® Corp., Kyoto, Japan) was used for measuring different mixture concentrations of ground recycled PP (rPP) and virgin PP (vPP). To verify the variability in mechanical performance of samples with the increasing content of rPP, three concentration ratios were used: 5%rPP-95%vPP; 10%rPP-90%vPP; and 15%rPP-85%vPP.
All materials were dried in hot-air-oven at 80°C overnight. The aliquots of rPP added to vPP were physically mixed and then subjected to injection molding. For each mixture concentration, ten ASTM D638-10 Type V specimens were prepared with Haake Minijet II (Thermo Fisher® Scientific Inc., Waltham, MA USA) micro-injection molding machine. In addition to mixture samples, ten control specimens with 100%vPP were injected, for comparison. Injection molding parameters are seen in Table 1 .
Tensile testing
Mechanical performance of the injected specimens was analyzed and compared via a tensile test, by ASTM D638-10. EZ-LX series (Shimadzu® Corp., Kyoto, Japan) tensile testing machine was used at speed of 100 mm/min, along with Trapezium X (Shimadzu® Corp., Kyoto, Japan) software. Table 2 summarizes the FT-IR characterization results, divided into five main resin types. The majority of collected samples was characterized as high-or low-density polyethylene (HDPE and LDPE), followed by polypropylene (PP) and ethylene-vinyl acetate copolymer (EVA). Almost 7% of samples were classified as some type of thermoplastic elastomer (TPE). The apparent aspect of collected samples is shown in Fig. 1 .
Results and discussion
Sample characterization
In a global scale compilation analysis, Geyer et al. (2017) estimate the annual primary production and primary waste generation of the most common polymer types. Among the six main commodity resins (PET, HDPE, PVC, LDPE, PP, PS), authors found that 24% of production and 25% of waste generation belong to PP, in weight, in 2015. LDPE corresponded to 23 and 26%, in production and waste generation, respectively, as well as 19% for HDPE in both groups.
In gross values, 81% of the PP primary production in weight was generated as primary waste, during the period. As for LDPE and HDPE, 89 and 77% of the amount of primary production were generated as residue, in weight, respectively (Plastics Europe 2016; Geyer et al. 2017 ). That comparison also shows the recovery potential of commodity resins, since the quantity of primary plastic waste generated almost corresponds to that of its production. Even without a statistical approach for collecting, our sampling revealed a similar relative count result to the global production estimation, contributing to the relationship between global plastic waste and marine environment debris (Avio et al. 2017) . Figure 2 presents the resulting FT-IR transmittance spectra for each identified resin, where the X-axis represents the wavenumber in cm −1
. Each resin spectrum is compared to that of a standard commercial material from the equipment library, which indicates the most likely material for that spectrum. The top spectrum represents the analyzed, collected sample and the bottom one corresponds to the library material.
The analyzed and compared spectra of polypropylene, lowdensity polyethylene, high-density polyethylene, ethylenevinyl acetate copolymer, and thermoplastic elastomers are shown on Fig. 2a, b, c, d , and e. Regarding the spectra A, the formation of a peak is noted in the region at 1710 cm -1 , related to a carbonyl group associated with PP chain (Marsich et al. 2017) . The formation of carbonyl groups occurred by photooxidation of the material subjected to the weather conditions. Additionally, this result demonstrates a level of degradation of the rPP sample collected.
Tensile testing
Tensile test results for the mixture concentrations are seen in Fig. 3 , and compared with virgin material. The average elastic respectively. This variance can be directly related to the degradation and content ratio of the rPP samples. Adding rPP to the mixture decreases the overall molecular weight, thus inducing a reduction in the elastic modulus; nevertheless, this effect can also be compensated by the increase of crystallinity, thus leading to the range of the results (Scott 1999; La Mantia 2002) . A similar behavior is seen in the tensile stress at yield (Fig. 3b) , with the 5%rPP samples resulting in a 6% increase, compared to vPP. Likewise, the recycled PP showed an average decrease of roughly 11 and 28%, for the 10%rPP and 15%rPP ratios, respectively. The average elongation at yield (Fig. 3c ) of the 5%rPP resulted in a decrease of approximately 13% compared to vPP. For the two other blend concentrations, 10%rPP and 15%rPP, the average elongation at yield decreased about 15 and 39%, respectively. Similarly to the elastic modulus behavior, the lower molecular weight also contributes to lower elongation performance of recycled polypropylene (La Mantia 2002) . Conversely, the tensile strength at break (Fig. 3d) resulted in similar average values for the vPP and the 5%rPP, with a 3% performance increase by the later. As for the 10%rPP and the 15%rPP, the average results were 33 and 23% higher, respectively. Due to higher average values of elastic modulus and tensile stress at yield, as well as lower results of elongation at yield, the increase of rPP concentration clearly indicates a more brittle performance.
The proximity of the resulted values for the elastic modulus, tensile stress at yield, and at break of the vPP and the 5%rPP makes the content ratio of 5:95 a feasible choice for applications under the elastic regime: similar to results presented by Bhattacharya and Bepari, for recycled PP (2014). However, the same tests also resulted in an increase of 85, 76, and 27% for each standard deviation (std. var.) value, respectively, with the exception of the elongation at yield, where the 5%rPP presented a 29% lower std. var. compared with the vPP samples. Though, once dealing with a diversity of samples with multiple levels of degradation, higher std. var. values can be expected (Weinstein et al. 2016; Crawford and Quinn 2017b) . As the degradation level of plastic debris in a marine environment is difficult to predict due to several possible variables (Avio et al. 2017) , one should expect a higher variance in the results, mostly when applying simplified grinding and recycling methods (Scott 1999) . In addition, the simplified recycling procedure, with manual grinding and content rationing of the mixture, could have contributed to higher std. var. values of rPP blended specimens. However, this simplified approach was followed in order to increase the feasibility of the process, on a larger scale. An overall embrittlement can also be expected when reprocessing polymers such as PP due to loss of the polymer's elastic phase properties (Azapagic et al. 2003) . Particularly, natural degradation is a common obstacle for the recycling of plastic debris found in marine environments (Crawford and Quinn 2017b) . Thermal (Fayolle et al. 2000 (Fayolle et al. , 2002 and UV (Schoolenberg 1988; Schoolenberg and Vink 1991) oxidation, for instance, are the main responsible reasons for degradation and consequently the observed embrittlement of the analyzed blend specimens.
Implications for the recovery of the marine plastics debris
Although enclosed by a National Park and designated as an Environmental Protected Area, most literature about the Lençóis Maranhenses (LM) region and its related municipalities corresponds to economic (IBGE 2017), social (Barbosa et al. 2010; Barbosa 2015) , or tourism (MTur 2014) data. The lack of information about the current environmental condition reflects on the little attention given to the presence of plastic debris nearby that region. This issue can be considered urgent on a holistic scale, as a result of (1) the direct impact of environmental contamination of plastics (Cole et al. 2011; Andrady 2017) ; (2) the consequences to the local economy due to impairment of the tourism industry (Sheavly and Register 2007; MTur 2014; Jang et al. 2014; Laglbauer et al. 2014) ; and (3) the resulting social issues on one of the country's poorest regions (Abakerli 2001; Barbosa 2015; IBGE 2017; Palombini et al. 2017 ). This research did not intend to map or classify the distribution of plastic debris on the entire LMNP coast, as well as to evaluate the economic feasibility of recycling micro-or meso-plastics, but to primarily disclose this issue as well as the multiple impacts caused by the lack of studies on that region. Therefore, we aimed to analyze and propose a possibility of recovering those small polymer particles, by means of simplified recycling method with polypropylene, one of the most abundant and degraded resins.
Due to the complexity of this issue, several measures need to be followed, from prevention to mitigation of plastics disposed in the marine environment (Ogunola et al. 2018 ). Sharma and Chatterjee (2017) list that introducing strong legislative rules, encouraging long-term monitoring research, increasing public awareness, and compelling the use of biodegradable materials, as well as performing the recycling of plastic litters, are measurements needed to address the problem at international, national, and local levels.
Unfortunately, the literature on the recycling of small polymeric fragments from marine environments, such as macroand micro-plastics, is still scarce, despite their recycling potential (Niaounakis 2017b). Pietrelli et al. (2017) performed a chemical and mechanical characterization of microplastic samples found on a pilot beach. Authors analyzed the recycling potential of PE samples, by mixing them with virgin resin, and suggested a recycling scheme for this type of debris. Even with the lack of data regarding the mechanical properties of recycled, marine polypropylene debris, environmental and economic benefits of common resin recycling can be raised. For instance, Ha (2012) and Kamleitner et al. (2017) presented the possibilities of reusing PP from post-consumer products, already considering the loss of mechanical properties from the process. Generally, authors reported that despite degradation, recycled material can be reused including in the manufacturing of new parts, with relatively satisfactory mechanical results, if the concentration limits in the mixture are weighted. In the same way, highimpact PP (Bahlouli et al. 2012; Kozderka et al. 2016) can also be recovered with appropriate content ratios. Moreover, there is the possibility of including recycled PP on composites (Izzati Zulkifli et al. 2015; Michalska-Pożoga et al. 2017) , thus improving its life cycle. Despite fillers for the manufacturing of composites, by considering other resins such as PE, Pietrelli et al. (2017) also suggest the use of plasticizers to improve mechanical properties of microplastic debris. Therefore, the possibility of recovering marine plastic debris from Environmental Protected Areas, such as the LMNP, through recycling represents a significant advance.
Even though the accelerated degradation of polymers can be considered an interesting approach for reducing the amount of waste disposed on marine environments, such process can still take hundreds of years to complete, depending on the resin type (Crawford and Quinn 2017b) . Furthermore, at the same time as large parts are decomposing, consequently, small particles are being released into the ecosystem. Not only light degradation on the surfaces of small plastic debris can occur, but the surface ablation mechanism into micron-sized particles is likely to happen (Andrady 2017) . Weathering then leads to the harmfulness of secondary microplastics, including not only the direct physical impact of the injection of the particles but also the toxicity loading of persistent organic pollutants in the ingesting organism (Cole et al. 2011; Andrady 2017; Avio et al. 2017) . Therefore, economic incentives should be applied to encourage practices that could not only avoid but also remediate the marine litter problem (Niaounakis 2017b) .
In addition to the rise of public awareness on the environmental contamination of plastic debris, Avio et al. (2017) highlight that stimulating new approaches to technological innovation for the reuse of these materials is of great importance. Likewise, Crawford and Quinn (2017b) state that recycling is an indispensable practice for reducing the amount of plastic waste on the environment. Although there are inherent difficulties related to collecting and sorting of polymeric waste from marine environments (Eerkes-Medrano et al. 2015; Van Cauwenberghe et al. 2015; Besley et al. 2017) for later recycling, this study presents a preliminary contribution for assessing the mechanical properties of a diversity of polypropylene sediment samples and consequently considering them for future applications.
Conclusions
This research presented the occurrence and a recovery analysis of small-sized plastic debris in the sediment nearby the Lençóis Maranhenses National Park (LMNP) coast, in northeast Brazil. Literature regarding recycling or recovering approaches of such debris on marine environments is still scarce, and focuses mostly on disclosing, collecting, and sorting methods. It is clear that multiple degradation factors can induce the loss of mechanical performance of reprocessed small-sized plastic debris found in marine environments, particularly polypropylene. Therefore, a simplified recycling procedure was analyzed, using samples of this type resin, aiming to verify the recovery possibilities by mechanical testing.
We analyzed 88 plastic samples, collected on the sediment nearby LMNP, characterizing them by FT-IR. The results showed that most samples belong to commodities and, therefore, ubiquitous resins such as polypropylene (PP), highdensity polyethylene (HDPE), and low-density polyethylene (LDPE). Due to a multifactorial degradation (e.g., thermal, UV light, abrasion, and biotic factors) in marine environments (Crawford and Quinn 2017b) , PP samples were selected and used for a mechanical analysis on mixtures with 5, 10, and 15% concentration ratios on virgin PP (vPP). The recycling procedure was carried out by means of a simplified approach, including manual grinding and weighted rationing of the mixture, in order to increase the feasibility of the process. The tensile test results suggest that at least a small concentration of 5% of marine recycled PP could be added on virgin PP, on polymer mixtures or composites, for the manufacturing of new parts. Despite the different and unpredictable levels of degradation of samples from the marine environment, an interesting performance is possible to obtain, mainly when working on the elastic regime. In addition, other types of less degraded resins could be assessed to verify their potential recovery by recycling.
Despite not statistically collected, the sampling presented a similar relative counting to that estimated for the global plastic waste production, particularly related to commodity resins. Almost 90% of the collected samples were composed of the resins that represent 66% of global primary plastic production and 70% of waste generated, namely PP, HDPE, and LDPE (Plastics Europe 2016; Geyer et al. 2017 ). Thus, we suggest future works to focus on the recovery of such resins on marine environments, aiming to provide techniques and methods for recycling, as well as analyzing its feasibility in such degraded scenario.
The recovery of plastic debris from marine environments includes inherent difficulties and embraces different spheres. The LMNP region is considered one of the poorest in the country (Abakerli 2001; IBGE 2017) , and its economy is greatly based on tourism from the park visitors (Castro and Piorski 2002; MTur 2014; Barbosa 2015) . Therefore, besides direct harm to the ecosystem's environment, the presence of polymeric debris also leads to an impact on the economic and social spheres. In addition, besides cleaning the area, it is necessary to prevent newer debris from coming by the Atlantic (Costa et al. 2010; Graca et al. 2017) . Hence, it is noteworthy that micro-, meso-, and macro-plastic pollution on marine environments demands for both prevention and mitigation measures, embracing local, national, and global instances. Despite disclosing the occurrence of small plastic debris in the LMNP region, this paper aimed to show the positive effects recovery could deliver on a holistic sustainable approach, by reinserting such degraded polymers into a new cycle. Globally, the presence of plastic debris is of major concern due to several reasons, including in developed countries. Therefore, scientific research interest should be addressed on the plastic waste issue particularly in marine environments with poor economic scenarios, for example, the LMNP region, in ways to reduce or recover such pollution. 
